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IRTERIOR BALLISTIC EFFECTS OF SUR FROSION

Abstract

The primary cause of loseg of velocity in worn
artillery tubes 1is the decresse of engraving resistance
in the early stages of projectile motion. Certain re-
sults of this decrease of enrraving resistance, which
is not accounted for in the present interior bellistic
tatles, are of interest in connec’ ion with protlems en-
countered in ammunition cel ibration, rifling desien a4
related interior tsllistie problems.

. r .
\:’—‘} The equeiions which serve as the basis of the mresent

interior hallistic tebles for multi-perforated powder are
modified herein to account fof arbitrary engraving rosist-
ance "patterns". Prom empirical data,estimates are made
of the engraving resistance pstterms for a par ticular

type of wenpon. Using these patterns and the modified
equationsy interior ballistic trajectories are computed by
nurerical imtegration under conditione desizmed to in-
vestigats certain effeots of the engraving resis tance and
ite interaction with other interior ballistic varisbles.

The engraving resistance encountered in ghort dis-~
tances fyom the start’%f projectile travel is inveatircated
with 1espect to its effect on musgzle valocity. Informa-
tion relative to the effect of seating of rotating bands,
at wnrious positions of the band, is deducel from the

above investizations, Changes of calitration of amrunition
as a result of differerices of porder quickmess, cartridge




case orimp and shell weisht are computed for various en-
sreving resistance rattarns which are intended to represent
tubes gt various stages of wear. In particular, the lin-
earity of these changes of calibretion relgstive to a |
reasure of tube erozion is investigetod sinos this is &’
rroblem of critieal importanoce in desizning ammunition cal-

tration programs.

Modificaticns of rifling design indicated by the com-

utations are suggested.
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Introduc tion

l Statement of Problem

The primary problem of the field of interior tallis-
tics 1is the prediction of the interior ballistic tra-
jectory, i.e. the velocity and position of the projectile
and the mamitude of the pressure of the powder zas as a

P iane

function of time during the time that the projectile is
in the -un., The interior balliatic trajectory has obvinus
usex in. the design of weapons, ammuriition, propellants and
in ihe f,estinsg of ammunition.

Many dif fieulties in the theoretical determination of
the interior ballistic trajectory arise from the ertremes
of temperature, pressure and acceleration encountered in
«un Tirines. Little or no reliable data is avuilable, for
example, on such items ne the heat loaz dwrine firing, the
frictional force 'encountered by the projectile, or the forces
sncountered by the projectile as it begins to move and
encounters the lands. Although the knowledge of rany other
important factors iy now fax more extensive tlmn ever be-
Iore, it ocan hardly bde regnn!ot”! as entirely satisfactory.

The completo kncwledge of these factors, however, 1f
it were attainable, would ocertainly not solve the pro-
blems of the interior ballisticisan. The caleuiation of
interior ballistic trajectories accowiving for the mul-
titude of variables that exist would be a complicated

- task. The differential equations obtained o be soclved
only by numerical integretion. Tha solution of these
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practicuble task.

These difficulties are handled, in jractice, by appro-
priute ohanies of variables designed to eliming te certain
varareters and, In the case of some rather poorly known
pari-meters, by the assignment of universal, though arbitrary,
values. By thrse devices, the number of porumeters is
surt ielently reduced to permit tabulation of a relatively
gmall numbeyr of interior ballistiic trejectories which are
ropresentative of all Firing conditions that may be ex- a
peoted, This tabulation is then available for use in
design or experimental work as mentioned previously.

This thesis is a consideration of one of the para-
m="ers to whieh it is customary to assirn an arbitrary
vi'ue, This parameter i1s the resistance emcounteéred by
_'he projectile i the first few inches of travel. During
‘thiz initial period of tiavel, the rotating band of the pro-
Jectile ancounters the lands of the rifling and is en- . -
“raved by them. Large forcss will, tharefore, opposs - .
rotion of the projectile and, as will be seen later, these %
forces seriovsly affeot the combustion of the powder. The
vuriationas of these forces, which occcur as the result of
erosion of the lands by Tiring, will be shown t%o be a
ma jor factor in the variation of velocity levels between
different guns of the saxe typs or in a given aun under
dif ferent oconditions of exosion. :

This engraving resistance is accounted for in the
current interior ballistic tables by ths use of an initial :
resistance which must ‘e overcome before motion of the 2
pro jeotile begins. These tables have been developed veing
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snly oefore, Sut not Suwrine, Wis puo-
Jectile travel. In nusins the tahles, no variation of tha
initial resistance is permitted, either to account for
magmitude or rezion of sppliscation. The ressons for this
are sound and obvious. Pirst, practically nothinz was
known about the actual mamitude and region of action of
thers forges. Second, the addition of two pareameters (1i.e,
maenitude and region of application of emgraving resistance)
would ocause sueh an increase in the volume of the tables

48 to meke their preparation and uge very difficult.
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The question ss to Jjust what effects the introduction
of this engraving resistance might hav-, .owever, is an
enticing one. Many efteots have been ouierved in actual
firings which appear to find a ready o_xplanation in the
vicissitudes of the engraving resistance. These effects
will be disocussed in detail”later but 1t is worth noting
at this tims that among the phenomena which are attrirut-
able largely to changes of engraving resistance are (1)
the loss of velocity in a warn gun (2) the decrease of
velocity dispersion in a wem zun (3) the chanme of relat-
ive veloeity levels of ammunition between firings in new
and wom guns (4) the abaence of sertain "tube condition-
ing" effeots on velocity in worn guns.

The purpose of this thesis is to investigate the
theoretical effects of engraving resistance in a selected
weapon for whieh oonsiderable experimentel data is evail-
able. An attempt will be made to wstimm te the mamitude
and region of sction of the engraving resistamoe from
physioal considerations and from the observed effeots
which are belisved to be largwly attributed to the re-
sistanoe. Using the values so estimated, cther factors,

- more Qiffioult to determine experimsntally. uay then bs
oomputed theoretiomlly. It is anticipated that, if
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succensfrl, these recults hay be of valwe in the desi-n of
tre riiling cf a weapon and in the specification of =uch
vul ies as the limits of guickness of powders f{or use in a

weapon.

The method employed in adding the factor of encraving
of resistance to calculations of trajectories will be the
simple and straiztt forward one of subtractine tre force
of engravinis fr~m the accelerating force in the numerical
int> -ration of *the equation of motion. This scheme 1s
er;loved without claim of its being either novel or clever.
It hayg u.questionatly been given consideration by many per-
sons crnerried with the field of intericr ballisties but

it ras, to the limits of knowledze of the author, besen _
seldor employed. In purt, at least, this may be explained
bv Lke fact that until the recent war many of the serious
effects of engraving resistance vere not recognized, ox wers
1 -7 lese consecuencé,because of tle less stringent require-
.rte tli.ced on ammmnition. This method shows promize of
providine an insisht to certairn interior bellistic phenomena
wrich, at present, are of interest in conjunction with the

~alibration of ammunition.

Ballistic Terminology

The purpose of this section is to introduce the reader
unfamiliar with the field of interior ballistics to certain
terms which are peculiar to this fileld. '

Pigure 1 (a) cives a cutaway view of a typical cemplete
round of ammuniticn. The rotating band is made of copper {
or £i11ding metal and serves the dual purpose of minimising
the #scape of gas during firing and imparting rotational
velocity to the projectile. An important aspect of its
vehavior in coniiection with this study is the enzraving
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Vitlin s of fle tuba.  The septing of the rotatineg bamd rr

cledyance retvern ite anner f}'ef“e and  tne cuter fage or ‘ne
hand seat of the procctile may be geen th MAVe 2 pro-

nnunced effect on ttre mm‘.'rusde 1 the ensravine re«istance.

ihe cartridze case is fastened to the projectile to

tar1iitate hanAdlines of the round priar to firing .hy means
o7 crimping it &t tne position of the crimping grooves of
tite progectile.

The powder charze is contained in the cartrid-e case.
The space contained in the cartridre cace with the pro-
Jeecile in place is referred to as the powder chamber,
ile znne term is applied to the portion of the ~un w ich
touees the cartridge case, however, the term volume of
‘he powder charber will always refer spescifically to
‘he volume in the eartridge case in this discussion. An
end view of a multi-perforated powder zrain is shown in
Pigure 1 (t). The least distance between the verforations
of the grain specifies its web thickness. This type of
zrain is knovm as a proressive burning grain’ because the
surface of the grain increases as the burning proceeds
until the point of slivering is reached. The term quick-
ness is defined specifically in certain interior bel lis-
tic tables, but is frequently used, rather loosely, to de-
note the relative rate at whieh powders differinz in di-
mensions or chemical composition would release energy
under identical conditions. The turning rate of a powder
is the linear rate of burning of a surface of the porder
wnder standard pressure. '

Pigure 1 (¢) shows a typical cross section of a zun
or sun tube showing the rifling. The recesses are called
grooves and the projections lands. The lands spiral
around the bore or inner face of the gun to icmrt Iotation
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the prodectile.  The rate f trnig “piralling is dennted
tv the twist or pitch of rifiinp,which may be spect..rd in
wrther ecaliters per revolution (»hers caliber is the
“inreter of the bourrelet ss skown in Pigure 1 (a)), or in
derrees referriry to the slope of 8 plane development of
tre 1zxrids relative to the gun axis. The rifline may be
either of wniform or progressive twist. The latter, rather
uneomron in ameriean artillery, serves to reduce and shift
the penk of rotational z¢ eleraticn which in the case of
uriterm twist coincides with the peak of transleational

acecleration.

The ~harher nf the sun is, of course, smooth, since
*tis vorticn hruses the cértridge case Auring firing. The
~mrnnter tarers down to a re‘éion immediately foxrward of the
rregition of the rotating band when the round is inserted
ir firing position. At this region, known as the origin
of rifling, the rifling begins. The lands do not assume
“ull deptr at the origin of rifling but graduelly reach
fvll de<th bty virtuve of a taper of gererally of about 9
de-rrg- to tle aris of the tube. RErosion of the «un, that
is *tre removal of metal from the bore by the friction and .
hot mases during riring, is greatest at the origin of

rifling.

The term amrunition lot is apnlied to a group of items
el ther corplete rounds, i.e. the assembled round ready for
firing, or its components which were desisnated with the
same lot number by their manufacturer. Requirements im-
rnged on the production of lots of oomplete rounds give
reasonable assurance that the iots are homorene us in their

interior and exterior ballistic behaviear.
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tnterinr Reliderie E@quatines of wero ety

. The interin” ballistic tables for use witt rulti-
‘rerforated povrders whick Yave heen sdopted by the Ord-
narce Department are those contained in Orénance Depart-
~ont Docurent Ne, ?O?q{l). The eguations which serve as
the bheis of *heco tuhles vill be Aizeursed in the follow-
v sretions, The funilamen-ul equatlons required for solu-
L e e mot1-» of the prowcetile are those of (1)

} ourninz rate und (3) eneray.

ramulatios

irranulation ¥unction

The cranulation function useé in PRenrett's Tables
¢ rinance Department Document No. 2039) erpresses the
Traction of the charge bumed as a functior of the frac-
tinn of the web burned. This function was determined from
«-r2trical considerations of the standard multi-verfor-

. L] .
BN 'Taino

U ey,

This metho?® of determination of the sranulation func-
tion necessitates t.he assuniption that layers of equal
denth are hurned from all surfaces in equal time intervals
and theat 211 zrains are of the same shape. The latter
assumption is sound 1na.smuch as little variation in di-
mensions is found between grains of a charge. The former
appa;-ently is not to~ well met because of the tendency /
for more rapid burning on the inner surfaces of the perfor-
aticns than on the outer grain swface. This %nomenon.
which has been observed on partially burned pomder grains,
is attributed to either the higher pressures existing in

~the perforations during burnings, or the erosiocn of the
grair by gas escaping fror the perforations Auring hum-
ing or both. The manner in g!'.ich the tatle are ;used,

BEST AVAILABLE COPY
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Cawever, reroally minirizes tre affesty of the fallure of
t+ & assumpti~rn of equul turr.ng bty asxi.minrs to *he c‘muin
n1 effective quickness enpirically determired undexr fir-
irn - conditions aperorimatine those desirod. .

~mine Rate Bquation

The rate of bturning of the porder is esssumed to be

crven 'y the eavation

dz _ o P
& R

w:ere 7 = fraction of web burned
= mrning rate constant
F = pres:ure of powder gas
ro= bufr’?in,gﬁ rrte exponent
Kk = web thic.—friess‘

This forr of *he burning rate equation, which is
cromion to pructically all interior ballistic systems, is
nttributed to Vieille (1893) by cruu(z) and is in acree-
mant witl experimental data. The only value in this ex-
rreasion of interest nt the moment is that of the tuming
rate exponent. This veius was, at the time of the vrepara-
{on of Bennett's Tablecs, most generally accepted as 2/3
~1thourh, as mentioned ty Bennett, the evidence wis far
from conclusive. More recent experimental data"-) in-
‘fcates that s somewhat hicher valus, about .85, is more
representative of present porders.

Ener uation

This expression, which dqua‘rou the enercy relsased
‘y the combustion to that taken up dy varioun processes

-
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in the v, 18 tke source of most, thor~ not 81!, “rrrov-

Lahitiens regoired in interior bullistiec tteorv,

Cranz(?) totuls tes and cor/!s'if‘bzrs ten ore cezses wrich
abscrb the ene:ry oY cortusion as rollews: . (1) kinetic
eanrgy of tracaslation of the vrojcetile (2) kinetic energy
T votation nf the rindetile (3) enervy of motion of the
rowdAey char o Lnd Dovder egsecs (4) energy of motion of the
rreeiling peY s of tte aun (5) work of overcrring exterior
gmmospheric oressvure (6) energy of motion of air atend of
the projectiie {7) work of friction betreen the projectile
snd tre aun (R) work of engraving the vciating band (9)

Yeat loes to preojectile and ~un and energy loss by escapage

~of nowier uwuas past the projectile (10C) internal ener gy of

tre pové-r <as,

Item (1) and (10) are of the ;reatestvimportance
1. the Alenosition of energy, and mosi investizations of
intericr ballistics are based on aquaticns exprescine all
ten terms rolative to these two a8 nearly as possible,
Trus, Renngtt's equaticns assume adiabatic behavior of the
porder was to account for item (10), and intredice :m effect-
ive projectile mass to account for all other items. This |
system accounts i'ell for all processes except item (5),
(6) and (#), which are small and item (9), which is not
necessarily small. At present, the heat loss is considered
to be roushly accounted for in Bennett's equation by the
use of a ratio of specific heats some wha t larker than the

| "nctusl value for porder zas. This method of hendliny the

heat 2oss is justifiatle from the viewpoint of expedieﬁcy
because too little is known :abcut the actual reat loss to
justity the use of any othezgfam..

4
It should be apprarent ait this point, that in the use

of interior ballistic tables) the normal crocedure is not
. 3, : et

i
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Aneired eondifinns. axample, to esﬂ.m' e*the S

¥

Sveloelty pvn-ctod fror.a weapon urﬂer certain pronoeer!f‘con- :
ditvona, Onp unnlf’ rirat nttompt to firm ﬁ’lc usulta;‘of’ ‘ .
cptunl £iyinrs unders condit tons arvmtimtirw those Qm‘pos!!d. Lo o

“ith tbase empirieal resu]fs, ‘te may ‘then evaluate the para- o SN

‘)
s A Rt At e

peters o wifah, tn 't.}w %onretlcal aﬂ‘aok ‘would’ ha"' "’1V'n .
the ot carved resnlt. - Using thnse parameters, modi'ied so
v fe arcount for thé ol'ange from the actial to the ;to
axp-oted reault,

ed eopditions, he tth nay oomrufe thﬂ
“inr acrounted for ‘the vagarles of wd:
toes in ?.;semi-empiri;cnl manner. ‘

y Y, may te shawn to be

Re = 50

=lere P ir the gas pressure
N is the frée VOiuﬁn of the powder sas
k is the ratio of thc spocific hsats of the

povrd or’

Kxpreseing the
ey ¢ch amb&and
projnctile has £
unburned powder and ﬂ'we oo-vnlt.m- of tre pwier gas. an@
takine tho co-volume of ths powaar gas ae 3/2. the. volm

nt the powdor bumod the equetior. for .n. beemo "j

AN
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No= SO - g% (15602)] - 3 4% 6(2)

= 5o -y 0+ EEL

where C' is the chamber vclume

S .is a travel parameter such that the total
volume “ehind the pro jectile is S CY;
thus S=1 at the start of travel

¢ 1is the ‘charge weight

6 1is the specific gravity of the solid powder

¥ is the density of water

G(z) 1is the granulation fumetion

Defini ngA--c."’-'-

and substituting for fL , (1) becomes

R, = g3 s - § s Hgly (2)
Bennett then introduces the.reduced o jectile weight, |
P! defined as the weight of the pro jectils plus one-third
the weight of the powder charge. It is readily shoem that
thie reduced weight will aocount for items (1) amd (3) of
the energy absorption if the powder sas and wmburned pomder
are assumsd to be uniforaly distridbuted through the volume
behind the projectile at all timss. Using this reduced

weight, and introducing the faetor -1—’ as -the oonstamt of

T
o
proportionality required to take account of all other energy

' 1losses, the effeetive kinetic enargy, E,, then becomes.
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Ee = 2 78 (3)
r, .

Then denoting the energy libersted by combustion per
umnit welght of charge by n', or the total ensrgy liberuted -
at any instant by n'c G(z), the energy equation may de

‘written
- n'ec G(g) = E8 + Be

-{%[s-f(l + 842) ’1*;1‘."2'"2'5’.‘ (4)
0 ' .

At tnis point, the pressure is written as

L1 L Py
P 1‘.23"8!?
o

'where L is the length such that %’- squals the ﬁnu of the
. bcre, and r°2 is assumed to be the same as the correspond-

‘ing value in equation (3). It should be noted that the
- definitions of S and L imply the relation,

8=1+y (5)
wpére_u is the displacament of the pro jectile from the rest
y 9
Fow, to reduce the number of parameters, a new in-
dependeht variabls will be introduced. This is done by

first defining

R PO SR,
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and 1/2
I‘o nt
r = ?_7-2» H.o—' ' (6)

where no' is a standar? value of specific energy of the

vpowder. The varishie @, called the reduced time, is now de-

fined, using t to denote time:
rt
o= F
Prom (5) and (6)

du Lds f das
Tt (7)

dv ., r? 4%s

s

the new expression for the pressure, called reduced pressure,
becomes

! 8y '
p=3_ 43 (e)

Substituting (8) and (7) in the energy equation (4) gives
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or

n'(k-1)WaG(z) = [s - (1#0‘?)] + k'l( )
Bennett assigns the value 1.3 to k and 1. 25110

ft. 1bs./1ib. to n’ and, replacing § and W by their known

values, obtains the energy equation

162,400 A G(z) = ..— {s - 632A - 3164 G(z)] + .15(3)'
g (10)

Tre burning rate equation of the previous section, ex-
rrecced in terms of the new variable @, becomés, using
eynations (6) and (8)

dz z,‘b To¥ i ( n'3/6 a%s 2/3
woR =) (%)

This is normally written as

=9 "')2/3

A ™

in which q is the quickness as used in Bennett's Tables.

Tabulation .

The energy equation abcve, the burning rate egquation,
and the granulation ﬁmation form a set of equa‘cions
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2
expreasing s, gé and %;: in terma of the parameters ¢ and
d

4 and the independent variable ¢ . Thus, by numerical
integzration of the three equations, the Aisplacemmnt, velocity
and pressure may be detormined as functiora of time, These
values, in the reduced units, are tabulated in 0.7D.D,

Xa, 2079 for rerresentative vnlues of the parnmnfern.

These intesrat.-n- were performed using an initial

2
value of _d__% corresponcing to about 2500 1b./sq.in. This

ap

“shot start® pressure was considered tc sgcount, in part
at least, for the ongraving resiztance of the rotating band
which cannot be reasonably aoccounted far by the factor

_%.; used for so many of the other effects.

r
o]

Modified Interior Ballistic Equations

The distinction betwesen engraving resistance and
friotional bore resistance, as usesd srein, should be re-
called at this point. The latier seems to bs reasonably
well taken into accoutit, in the mevious theory, by the
multiplication of the pro)oeﬁlo weight by a factor slight-
1y larger than one. This procedure impliss that the
frictienal resistance is proportional to the acceleration
which, in a weapon having wifors rifling twist, is rough-
.1y equivalent to assuming a coefficiemt of frioction in-
dependent of velooity. Aside from sny conaideration of
the sdequacy of a constant coeffiolent of friection, this
method parmits an empirical evaluation of the friotional
‘resiste.oce, since the factor r, is s evaluated, mnd the
friotional energy losses are dboth smll and reasonabtly
" cons tant in any individual tubde. . The magnitude of the

e
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‘frictional resistance is larze only in regions in whish it
has no apprecisble eftfect on the combustion of the powder.

~ On the other hand, engravins resistance slways occurs
eariy’ in the projectile trevel and s in this region, can have
large effects on the combustion of the powder. Whereas the
energy expended in overcoming ensraving faorces is trivizl
relative to the miz7le energy of the projectile, the delay
cavsed by enzraving may so aftect the combustion of the
cowder as to chanve the energy delivered to the pro jectile
by more thin ten percent. Since both the magnitude and
re -ion of action cf the engraving forces are seriously
affected by zun erosion, these forces are, obviously, not
well accounted for in the preceding theory, althoueh the
frictional resistance does appear to be adequately handled.

The energy and hurning rate equations of Rennett will
n~w ba mhdified so as to permit the imtroduction of an en-
erravins resistance of arbitrary magnitude operating over
an arbitrary rezion, This may be readily done by first
rewriting equation (4) as

*+P
nteh(z) =( c' (s - (1 +—é-—-]+ 25';

A'F ”’r' u) (11)

where the new values introduced are
A B Avea of borxre

Pf = prassure equivalent to engraving reuistanoe.

AP (P, u) =24 r’1’ du = work of engraving

| ‘ 4 J - |
o

Brpi
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Usins the same chan.ge of varisbles as before (11)

hroomes

o
ntes(z) = (—QTX )[8 PRGN

¢t (=Y A'P(P,, u)
n '2!(35) ¥ £
°

or, since,

AP 8
A.) Pf du = AL ‘j Pf ds = AL F{ ) C'F(P, S)
o 1l
' 2 n'P A
nc'(k-l)uo(z)é(" i + :’1' f)[s -3 (1 +G{(z))] +

2 n 1
EL(§e) +tr(E 8]

ani, for brevity, c¢efining

then
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not (k-1)WAG(z) = :;j'fs -g Eézl)] 5 E'-
. |
((§5) +2r(p, &)1 (12)

2, ‘ .
The expression d i' above corresponds to the reduced
dg
y ?
t-tal gas pressure which has the ¢omponents -—d-;-?-, the re-
4

-~

duce”? pressure accelerating the pro jectile, amd Pf'the re-

dv:ced pressure required tu overcome engraving resistance.
The rate of burning will, of covrse, be -overned by the

cotal zas pressure and, in the present terminology, become

P

- 2/3
Codz .o (d's')
a-a d'a

Equations (12) and (13), together with the granulation
function, provide a means of accounting for the engraving
resistznce in computation of the interior ballistic tra-

jectory, assuming that :E’r is known as a function of u, the

prrjectile *ravel, A discussion of the evaluation of Pf
is contained in the following section. ;

e A o

Other factors than change of engraving resistance A
accompany tube erosion. The increase of tore diameter :
vermits the escape of a greater quantity of powder gas
and, in addition, increases the volume of the bore, Both
of these effects tend to lower the velocity. A commrison
of the relative magnitudes of these effects by the Brit'iah“)
indicates that the comhined effects of gas escape and volume
increase account for about one-third of the total velocity
loss in their 3.7" <un, ‘the z‘emaini;ng two-thirds being
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caused by lnes of enrraving resistance. The intermal con-
tours of the ecuns on which this 1is based show rreater en-
larvsement by a factor of nearly two than 4o representative
U, S. 90mm guns (for example, see the star =ace curve of
90mr W1, tube Yo. 156 in referece 5). This indicates
strencly that the effect of ehgfaving resistance is the
vredominate cavse - f valocity loss in the U. 5. 90mm gun.
In the followinz sections, computationg of the effect of en-
gravins resistanrce are made considering it as the only
cause of velccity loss. Althourh this is obviously not true
it aprears to be a zood enoueh aporoximation to 5nﬁicate

the major trends and effects vhich will be scucht,

In the computations revorted in the followine sec*icns
the process of numerical intesration was carried out in
steps of .0005 units of the reduced tima throushout the
trajectories. For convenience in computation trapezoidal

"integration was used rather than one of the quadrature
forrulae which acecount for higher order differences. With
the small steps bmployed,%he'irapezoiﬂal methcd was con-
sidered sufficiently accurate. As a test of this,a com-
varison was made of the velocity obtained by the trapezcidal
method with that obtained using Simpsohs One-Third Rule
vrich accounts for second order differences. The zreatest
difference bef_:iveen the fwo nathodé was less than one foot
"per second th%oughout the trajectory in the computation
wvhich led to the result tabulated as A-12 in the Summary
of Computations.
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Application

The rodified interior bzllistic equations may be
employed to determine the effect of resistance at varibﬁq
rreitions along the bcre and the interaction of this effect
with changes of powder quickness, cartridee ocase erimp
and shell banding. A probler of this natwre of consider-
atle importance is the estimmtion of the effect on velocity
of variations ir cartridge case orimp under various con-
7itions of tube ercsion (i.e. under various conditions of

enxraving resistance.)

This particular problem is of interest in the cali-
vration of ammunition for the 20mr . In current csl ibra-
tirn firings at Aberdeen Proving Ground, frequent obsézfa-
ti~n has been made of the fact that the colibration of com-
rlcte round lots, relative to a reference lot (a comtrol
series) vary by large amounts, depending upon the condition
n® the tube in which calitration is performed. These varia-
ticns of calilration are the result of interactions between
the engraving resistance, which varies with ths tube con-
4ition, and certain properties of the a-nunitiqn being
calibrated such as cartridge case orimp, powder quickness
and shell banding. Because of this, the calibration of
these lots must be tabulated as a function of the tube con-
dition. Actually, the tube comdition is most conveniently
indicated for ballistic purposes by the mugzle veloci ty of
a reference complete round lot, and it is relative to this
that the calibration is tabulated.

The calidbration of a lot of ammunition ing‘cubes of
"all conditions is, of course, impractical. Anm economical
limit to the number of tube conditions which cen be em-
vloyed pexr lot in an extensive calitration progrem is two,
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1.e. a reasonatly new and reasonably worn tube. To &0
beyond this would, fifet, entail considerable expense and,
second, require the destruction of m exces<ively larce
number of tubes and ammunition in testing. Thus, it is
important to investizate methods for predicting the cali-
" bration of an ammunttion lot, wder any desired condition,
from observatiorn of the calibration at only two reference
velocity levels. Essentially, this tecomes a problem of
determinine the linearity of the calitration as a functicn
of the reference velocity level or, since the cal ibration
is, in effect, the sum ~f>the effects of powder quicimess,
crimp and banding differences between the reference ané the
test lots, the problem is the lineariiy of these effects.

In order to compute the effects of such dif ferences
in tubes of various conditions, aomé knowledge of the manner
in which the engraving resistance varies from a new to a
worn tube is needed, The following secticns sumrarize the
available data concerning the magnitude of the engraving
resistance in nev? tubes.

The engraving. resistance in very worn tubes is known
from bore.umeasuromanta to be negligibdle .unt'il after a pro-
jectile travel of several inches. Subsequent calculations
show that if the engraving resistance occurs after a travel
of several inches it hu' very little effect on velocelity.

The pattern of engraving resistance in tubes of intermediate
wear will be discussed at a later point in this paper.

Static Engraving Studies
Tuhe stresses caused by farcing projectiles through

the btore mechanically have been studied recently by Watertown
Arsenal and by the Catholic University of Ameriocs. (6, 7, 8).
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Tt ese studies, al though conducted primarily t provide in-
formation for use in tube and shell design, have also riven
datu regarding the magnitude of the statie engraving press-~
ure. Tests have been made in 37mr, 75er, and 105mrm tubes.

L d

All but a few cf the tests made at Watertom: were con-
ducted bty pushing shell throuszh the bore with a push rod. -
In a few of the tests, the shell was foroed throu<h the
tube by simulated gas pressure, btut this was doms only
after the ensgraving process had bsen oomple ted. Thus all
the static tests of engrav:{ng thrust were made without
erxperimental simulation of the effect of gas pressure.

The results ortained by the Catholic University in
reasurement of axial thrust are summarized in XDRO Rept.
No. A 442, pg. 47, &3 follows,

"fhe axial load behaves very irregularly,
derending on the tube. Usually a mmximum, which
is 110-200 percent of the value found after en-
graving, ocours near the eni of engraving."

The pattern of thrust against travel during engraving in _

new tubes showed, in gensral, a rapid and reasomadly 1lin- SR
ear increase during the first one-third ef the band width

and a more gradual increase thersafter extending nearly

to the end of engraving.

In eroded tubes the axial thrust increased more
slowly with tube trevel and d1id not attain values as high
as those in the new tubes. The region of engraving in erod-
ed tubes appeared to be equal to two cr three band widths.
The maximum thrusts during engraving were little, if any,
hizher than those attained after engfaving . "

s
2
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The maviituviac of tie mayimur thriste durine. -r sruve-
ine are 'f interest, s=ince tlev orovide : rouv -t eutimnte of
tre pressure requiredl to overcome torcine rnéistnnce der-
ing firing in a new tube. These thrusts ran~~4 from 25,000
t¢ 35,000 1bha. for the 37mm tubes, 50,000 to 75,000 1ks.
for the 75mm tube and 100,000 to 150,000 1lte. fcr‘tre 105m~
?ﬁb.. Correspondin~ rressures (i.c. chamber presrures
equivelent to trese thruste) are 15,000 to 20,000 p.c.i.
“or the 37mm tube and 7500 to 15,000 p.s.i. for the 75mm

and 10Smr tukes.

Yhereas the prediction nf the shave and marnitude of
the enzraving resistance«trsvel curve for the 90mm tube
frow the ahove information would be a rather uncertain
vrocedure, the atove inforrmation provides the means of
verifying the validity of an aporoximation of this curve

obt~ined from ofhbr sovrees.
Dynairie Eneraving Studies

The difficulties inherent in any attempt to measure
dynamic engraving resistance are obvious. The projectile
ic in the bore fcr only a few milli-seconds after motion
beiring. During this time, one must odbtain a continuous
record of veloeity and of pressure on the base of the vbro-
Jectile, or at least discrete measurements of these values
at frequent intervals during initial travel, in order to
have information from which the ensravine resistance could
be 5eéu¢ed; Unusual ﬁrecision i necessary in these
measurements in order to give reasonably accurate estimtes
of the foreing resistance, inasmuch as it is determined
from the difference of functions of the measured valves.
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Despite these Aifficulties, two recent reoorts oontain
the results of dynamic enrsraving force measvremnts. One
of theae,ﬁa Serman report by Roasmann,(g) giveg curves of
resistance aga_ir;st travel from the start of motion to &
considerable distance down the bore. nthouga this report
does not ihdicate the ioapon foi- which the curves were nade,
it appears from the masmitude of certain uabm'enenta to
he the German 88mr sun, The owrves indicate the enrraving
resistance to reach a maximum of about 400 kg/cm (5700 psi).
The projectile for the German 88mm gun has a rotating band
of considerahly les: cross-sectional araa-.thm‘ flnt of the
Ameriecan S0Omm gun. Althouegh this result is of interest, )
it must be accepted rather conditional ly because the report
faiis to indicate the msans employed in determining the
cressure at the base of the projectile and, in fact, gives
only a slight description of the instrumsntation employed

in otrer measurements, -~

The other report, prepared by the Bureau of Stani!-
(10) contains an excellent zoecount of methods em-
rloyed in instrumentation and reduction of data. This

report covers firings of the M62A1 mro Jjeoctile from the
90mm Ml gun. The M62A1 pro jectile has a rotating band
identical with that of the N71 projectils; however, for
purposes of instrunenution,;.ﬁn taper of the leading 0650
of the band was machined do-u to present a square should- ;
er. Even with this -odiﬁoijti.on, the projectils employed
in this test should give valoes &f engraving resistance '

quite similar to those oncoﬁ\torcd with the N71 project-
ile. :

ards,

The abstract of the Bureau of Standards report, in
summarising the results of msasurement of bore resistanoe
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£i-tos

"Tre tore frictior, after enrcravirc is con-

- Plete, is amall (lese than 10,000 1t). The en-
raving friction witk s maximum value of about
100,000 1bs., is variatle from round *c :ound.

------ Tre startinz prescure is abeut =,000

. Several rounis w.iecr were ‘orced threoust tre reore
rechanieslly in thi- proxrar ssve resicstance-travel vet-
terns similsyr to these ottained bty Fatertorr Arsengl =nd
the Cmtholic University of Americs, in thet tte resistance
after enrsravine was about one-hal: as lar-e as trat Aur-
ing enzraving. The maximur resistances durine Ph»zrsvir:g
in the static tests corresponded in mamitude to those

derived from the ballistic tests.
Encravins Resistance Pattemrmns

Pizure 2 shows the position of the rotatins: rand of
the 9Cmm N7l projectile relative to the riflins w~ren in
. firing po_qi.tion. If one sssumed the encraving resistance
met by this rotatinz dband to be mroportional tc the volume
of metal Aisvlaced per unit travel, then the pa*tern of en-
_graving resistance would increase sharply to a marxirur after
a travel of about 0.1" and would raintain tris maximum
(neclecting the effect of the cannelures) until the band
was almost coppletely engraved. Such a patterm is, at
‘least, not inconsistent with the emdirical data previcusly
‘cited. Por oconvenience in cowputaticn, the enzravinz resist-
ance pattern used wag rectanzular in shape snda equal in
lensth to the width of the -otating bend (atout 1.2%).

Using this type of engraving resistance pattermn, an



attempt was then made to determine the magnituwle of the
ensraving reslstance which, iin computation, would -produce
results equivalent to those observed in actual firing, in
regard to velocity drop from new t0 worn tubes. This was
done by selectinz a representative firing in a wcrn tube
(1%) and determininrg from Bennett's Tables the quickness
and velocity parame ters required to give the observed
veiocity and pressure. Using these pzirameters, computations
=~re then performed with engraving resis tances correspond-
ins to tabular pressures of 2500, 5000 and 7500 psi. «
Trese results are included in the Summary of Computations-
Part A-linee A-3, A~7, A-12 and apvear in Pig. 3 as Curve

it

The higheat value, 7500 psi, gives.a velocity in-
crease of 123 f/s over the value obtained with no engrav-
ing pressure. This veiocity difference is near, though per-
raps slirhtly under, the value normally observed as the
Jror in velocity between new and worn 90mm tubes. Thus,
{rerm the standvoint of loss of velocity, a satisfactory
analogue of the new and wom tube engraving patterns was
cbtaired by using a 7500 psi engraving pressure for one
band width to simulate the new tube amd no. engraving pres-
sure to simulate the 0ld tube. The value of ths engraving:
pressure in the new tube is in good agreement with that
previously cited from the Pureau of Standards ﬁrug-.(m)

* All pressures mentioned in connection with interior
tallistie trajectories will, for convenience, be given
in the tabular unit (see NQuation 8) used in computation
which is 0.85 times the actual wessure. Thus the pres-
sure of 7500 units above is actually 6375 p.s.i.
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Yuzzle veloneity as a function of startine vressure,
(n pressure which must be exceeded befare motion starts,
but which offers no resistance thercafter), was next com-
ruted (lines A-1l, A-2, A-6 & A-9 in the Summary of Come
- putations) and 1is shown as Curve III of Pigure 3. Starting
pressure only, as is used in most interior ballistie tables,
cunnot serve to simulate the chanve of engraving resist-

ance from new to worn tubes, because unreasomahly high
pressures would be required to provide the observed velocity

differential, This may be seen by comparing curves II and
11T of Fig. 3, from which it avppears that a startine pres-
sure of 7500 p.s.i. is required to produce the same effect

on mizzle velocity as an enzraving pressure of only 2C00

p.s.1i.

A check on the simulated new and 0ld tuhe resist-
_ance patterns was possible by using these to compute the
rela*:i'.'e velocity levels of powders of different Qquickness
in new and 0ld tubes, and comvaring the comnuted values
with values observed in actual firings. Such a firing
test was conducted at Southwestern Proving Ground(lz) in
which a ballistically "slow" powder (lot BAJ 15665) was
compared with a ballistically "fast"™ powder (lot SUN 14653)
in both new and worn tubes. Using the data of this firing
-record, the quiclmeu and veloclity parames ters (g and r)
were obtained from Bennett's Tables for both the fast and
the slow pomders. Integrations were then performed far
both porders using the new and the worn tube resistance
| patterns previously adopted. The results of these com-

_putations (Summary of Computations Cl, C4, C5 & C8) show
" a chenge of 18 f/s in the relative velocity leveis of the

two powders. That is, the slow powder, which was 15 t/s
higher in velocity than the fast powder in the new tube,
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was 3 f/s lower thaun the fast powder in the worn tube.
In the .actual firing, this chence of relative velocity
levels was 2% f/s. The computed difference varies from
the observed difference by an amount which 18 within limits
of the experimental ‘error of . the firlng. The new nnd worn
tube patterns of enmving resistance thus appear % pro-
vide a satisfactory analogue from the stmdpoimz of inter-
action with powders cf varying quickness. )

length of BEngzraving Regicn

One method.of inspection of artillery shells for
letective (loose) rotating band seating involves the es-
timation of clearance between the band and the band ssat
by measurements of external indentations made on the ro-
tating band. In conneetion with this type of i’mpecti.on,
knowledge of the relative effects on murzle velocity of =

ciearance under the band at various positioms 1ongitudi-
nally along the band is va]uablu.

A thorough investigation of this effest would in-
volve the integration of a large number of trajectories
with variovs combirations of high and low engraving resist-
ance at various positions, thhef than undertake this

sizable task, it was felt that a sufficient insight into
these effects could be obtained from determimation of the

effect of various lensths of engraving. The effeot of
extending the engraving region an additional band length
was found to be negligible (sca eonputationa desigmated

A-% and A-8 and their rehtion to A-3 and A-7 respectively).
Therefore, trajectories were integnted with 7500 p.s.1.
engraving pressures beginning-at the start of pro jectile
travel and acting over regions up to one band width in-
length. These conputatiuf;%u-s through A-12) are the

i
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The engraving resistance encountered over a svr-
prisingly small travel exerts a large inflience on the
ruzzle veloecity. Figure 4 shows that a pressure of
750¢ p.s.i. active over only 0.3" of travel cavses an in-
crense in velocity of over 10C f/s above that obtained —ith
rno engraving resistance. The engraving resistmce en-
covntered in the remaining C.9" of travel while engraving
is taking rlace accounts for only an additional 20 f/s,

Cne migzht-reason properly, as is shoen by subsequent com-
putations, that the effect of the latter 0.9" of engraving
would be greater if the first 0.3" of eneravine rhad not al-
ready taken place, howéV°r, the fact that the front por-
tion of the rotating band plays a predominant part in de-
termining the muzzle velocity can hardly be disputed. This

'is, in fact, in qualitative agreement with a firing prosram

x
(1’)in wrich metal was removed from the front, middle, and

rear portions of the and successively. These two sources
of information provide convinecing evidence that the measure-
ments of rotating ‘band clearance should be made on the
forward part of the band. Another lozical inference from
this data is that the pro.ess of shell banding mizght be |
toth simplified and improved by designing banding machines

to apply greater pressure to the forward regions than to
the .rearward regions of the rotating band.

Cartridge Case Crimp

. In order to assess ths effects of cartridece case
cri;izf;\p on velocity, a pattern of crimp resistance as a fune-
tid""n of projectile travel was required. The length of
ef_tfictive crimp action was estimated from observation of
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static debulleting operations in =hich 90mm shell were
rechanically pulied out of cartridge cases. In tris
"operation the shell ére pulled at the rate of 1/4" per
rinute and the foree required to npintain this rate of
pull is recorded. From observation of a l;rgc number. of
debulietings performed in conjunotion with current tests
of 90mm of ammmnition, it was found trat tne length of
effective action =as practially independent of the mugni-
tude of the devulleting force and averared about 1/8".
Using this lengtr of action and a constanﬁ pressura of
1500 psi (tabula.f), trajectorioa-iere oqﬁ}_mted for new
and worn tubes (comimtati_o_na B-1 ;and B-4). Results of
recent firines are available ‘14 in wich 90mm rounds, with
the standard cartridge case crimp, which gives a debullet-*
ire force of =bout 9000 1bs., were kcompared with wmerimped
rounds in both new and worn tubes. The average differ-
ence of 29 f/s found in the mctual firing in the warn’
tube compares favorably (wiﬂlin experimental error) with
the computed of 25 f/= for the wornm tube. The tabular
pressure corfesponding to the debulleting force of 3000
1bs. is only 1100 p.s.i., which is considerably lowsr than

the 1500 p.s.i. necessary in computation te glve reason-
able results. ' The discrepancy here may be accountable to

the existence of higher debulleting forces under firing

conditions than under the relatively static corditions
imposed by the debulleting machine.

The comparison between the empirical snd the computed
values in the new tube seems, at first sizht, to present
a discrepancy. The firing data (14) indicates no effect
of erimp in a new tude or, at least, so small an amount
as to be insignifieant. The computaticns indicaie the
crimped rounds to fire higher ty 12 f/s, an amount which
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should be dstectable in crdinary firings in this wospon.
A plavsibdle explanation of this differemse will dovelop
in the fuwrthur considerations of the intorasticn cof erimp
with tube erosion and thermal expansioa.

. Por reasans previously statsd, tho bebavior o the
orimp effect under varicus conditions & tude erceiom was
next investigated. %his was dome using he orimp resist-
ance pattern which was found above to @res with expori-
mental data in the o0ld tudbe, end imposing this resistenes
on the engravimg resistence, which wag varied to simulate ‘

different stages of mr; !

The manner in which the mving rogis tasioo chemges
with tube erosisn is undoudiedly quite variabdls fron %Sude
to tude, mnd glzo mmt be affectad By tin therml czpansien
of the tube during firing. JFer ozemple, if ome wawo <3
cause erosicn by repeatedly mm munis dom the bore
mechanieally, thorebdy elimirsSizy o eff08ts of gap «rosicm,
swrfeos melting exd theresl epyencien, Ip mig rezcomdly
cxpect the dore resisdeneo mm o relntdr
reotangelar ehage, docrsesing im magoitufs sl duorocsing
in length as eyosion mrogmssed. Iosko €f rezlsteme womld
be loveled i ¢he bere Toenl weus ReEpgmomie bocouwme ®iene
would mm«am mm@ srfors molte
ing, ca the other Maad, is SrIGley asor B @igin of Fifl- :
ing them further 4eva te bore, looiws
of ozymewre % B esmbdustienm ¢ :
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tube. Thermal expansion of 0.01% digmetrally, which oftim
ocours dwrirg the firimg cf 100 zuwmds in (e S00m tabe,
provides a free run of 0.04%. Free rums of cvea this saalld
distance will be showm later to have rezazinbly laorge eff80td
on mussle viloeity in aew tubes.

Two distinct patterns of engreving resistanse were in-
vestizated with respeet to their imteracticn with cwimp.

. The first (assumption 1) was that suggested by pure zadhami-
cal eroaiosn. This pattim‘, being rectanguiar and eoting
over a region of one band lengih, simuviated various stages
of ernsion by varicus magnitulos ©f engroviag resizdtones.

Ro sccount was taken of tho olomgaticn of the pattorm with
advancing eroeisn becmuse i effeoct ¢f this, as previcusly ;
mentioned, was insiganifisant. T musgls veloeity wsing

this assumption of engraving resistanse iz showa 1ir Pig. 3,

both for orisped roumds (Gmxve I) end wmerimpsd rouerds

(Curve 1I).

The other patterm of engraving resisiznge invaostigated
(Assumpticn 2) was that formed by ¢elaging o start 6f
engraving varying emounte, e2f keopimg W2 champe «=f megai-
tude of the engreving rogistemes i€emticel with &3t tmed
for the new tube. This ¢Jpe cf emgrovisy otéem wozld
resvlt, for example, if the origia ef rifling wog mmalRg
in shape Dy erosion RN EWW edvens
bore. Uader this assuPpticn cIEPRDRIL
with (3-4 through.D=9) ead withomd {
cerimping resistenee of wvaricus stigss of 'mv e
results of thesd camgTiatims ave ghem o Pige. § @d 6.

The offect of erimp &2 a funtiva of t» volcolly 4
of tho unerimped rounds is plotted im Plg. 7 far 2 two :
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assumptions of engraving recsistance patterms. Tris plot ’
indiocatez that the effect of crimp may be largelv influenc-
ed by the wmanner in whigh tube eroeion aoctually takeé
place in a moderstely worn tube, but should be farily pre-
dictable in worn tubes. The rapid reversal of direction
of the orimp effeet under Assumption 2 in a new tubs pro-
vides a strone suggestion that th2rmal expansion m\ay
account for tre failure to observe any simnificant crimp
effect in actval firings in new tubes., The fact that the
crimp can, under certain 2onditions, ceuse & subastuntial
decrease in veloecity, which had previously been considered
unlikely, provides a meane of explaining the occurrence

-
of this apparent anomaly in recent firines at Aberdeen. (15

These results indicate that the linearity of erimp
effect with respect to mussle velocity, which is so desir-
able in calibretion, very likely does not exist. The effect
of crimp in a moderately worn tube, usine any particular
reference velcelty level as an indication of tube erosion,
may have various values, depending on the tube temperature.
The fact that the orimp effect is more predictable in a
worn tube will be mentioned again in the section on rifling
design. '

Powder Quiskness

The linearity of the effeot of differences in powder
quicimege was naxt investigated uging the two types of
engraving resistames patterns deseribed in the prececding
section. This was done uzing the quickiess end velocity

parczeters fer '‘fast' ndéd ‘clew' powders previously mentiomsd
in the geotion emtitled Bagxavirng Besistance Pntterns.
8ince ths new and wozyn tube velogities for rounds having
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these powders had been computed in conneotion with tie This Document
section on Bngraving Resistence Fatterns, eceputatiocns Reproduced From

for tudbes of intermsédiate wear only wers reguired. The Best Available Copy

two assumed engraving resistance pgtteme 4iffer only fer
tubes of interma?Aigts wear, therefore, the ueow and worn

tube ocomputations were ussble under either asswption.

The regults of all eccmputuntions merde for this pIpess
are included in Part C of the Summary ¢f coesputations,
and are sheown zraphiocally in Pigwe 8. Erisfly, tsss
computations consisted of determining the velocity lovel i
of rounds with the fast and slaw powders under each o threo
conditions corresponding tc tubes of intermsdiats woar im
ad7ition to the new and worn tube computations yrevisucly
rerformed. Two of the intarmediate comd iti cus were of the

type of Assumption 1, preeecding seoticn, ead e wee f
the type of Assumption 2.

Pigure 8 indicates the offeat of differmces of
powder quickness toc be reascnabdly lineazr wmdor either
assumption. These assumptions are belisved to represent
two opposing extremes of the possible pattez:s of emgrav-
ing resistance. Tihue, although procf of the linserity is
impossible in the absence of more exelt Eknowledge of tho
engraving resistance, this svidence gives oredence to the
Lhypothesis of linearity of the powder quiokmess effect
which is desired in ammunition cslibrotion. .

Pro jsctile Weight
The estization of the change of mugzls velocity

which results from the change of profpotile welsht is
frequently decired in analysis of ballistic data apd in

REST AVAILABLE COPY
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as shown above, deocrease only about 10 psroent. Ths use

of a oonstant difforential ococefficisnt, regardless of tubs
ecndition, appears to be entirely reasonable, inaszuch &3
this value is only wied for emmll Govintionz from stmmdard

" oonditionsn. Aloo, the valwe deduveed by Ditchooek's method

is interwediate Butveen the new and worn tube valws, whieh
is idesl if 2 constant valwo is to be uged.

The shell weight effect, further, B&y be seen t0 b2
linear relative to the change of veloecity produced by tube
vwear, if the effect of quickness is linear in this menner.
The reduced equation contains the projctile weight ocaly
in the buming rate equation (mge 16), in which it eaters
as ons 98f the factors of thes quickness term. A chrage in

shell weight iz thus related to a chenge in qQuicknsss &ad
is linear in its effect if the quickness effect is 11::&:.

Rifling Design

Severul aspectc of the computetiona say alresdy mmve
suggestad 0 ths reedsr that the eugraving resis tanse
in the early stages of profpetile travel ascounmtsc for meny

of the veriations of velosity lawvel in azmumition. All
these velesity veriations semtridute %o the imagewracy of

artillery fire and are, therefero, most undesiradle in
gerviee. e primery gsal o med yftioh in ®o dsaign,
produstion mad weasp ef ammmitien is tho elimim tien of
Sese vclodts vweristics ad WBir e¥este. A ewmary

‘of the My wariatiozs etsmping from engravieg resisd-

anee shass e fellewing:

Pizgs, o0 42 W m émp o volegity £I0m @ DEW
t® o worn twbo esnfitien, shish is indicated to bo at loess
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ballistic design. Theso &ifferentials are ordinarily
determined ueing a method devised by Hitcheock 16) whioch
is based on Bennett's Tables. 7This msthod gives a
differentinl goesTicient which expresses, foy «Xazple, the
percentage change in veloeity corresponding to ons percent
chenge in projectile weight. Thus, although the original
tablas do not meke sny allowence for tho change of the

effect of weignt with erosion, if the seme differmatial
noefficient is used for & nmew and a worn gunl, 28 13 6us~
tomarily done in practies, the Roesdwe tacitly impiiecs
that the differontial effect is pwoportional ® the velo~
city level.

The use of the new and worn tube oengraving resiste
ance patterms permits ths %sesting o7 the proportlicnailsy
of the weight effeoet to the velosity level. Foxr this por-
pose, computetions were made with the shell weight incresssd
by 10 percent and éecreased by 10 percent, with both mew
and worn tube sngraving resistancs ptterna (Paxrt i~-Swmary
of Computetions). A campariaon of differmtisl coeffielents
obtained in this menney with the ome Sotzrminsd by Eitchoock's

method follewes

Method of Determination Pifferontial CepfTficiont
Hew Tube Eagreving Fattem =35
Worn Tudbe Engraving Fattem -.31

The eomputed differemtials decrsase from 96 £/5 in @
new tube to 79 £/8 in a worm tmba, a Qape iz the ALffere

ential of cdows 20 percent. Boemige ¢f the oozvecpcniing
deocrseso of nuasle veloolty, the differcmtisl cvefficienis,
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two-thirds attributuble to Joss of sngraving resistance.
Thus, if a tube could bds desisned go that the enzraving
resistance remained constant, at lesast near ths staxrt of
projectile truvel, the primary ocmuse of velooity loss
would be eliminated.

Next, there 1is ths,variation of velesisty comsed by
differences of orimp whioch, if tho engraving rescistence
were oonatant, would omtinue to exist bwt would tren bde
prediotable and constamt, This would eliminate the
fluctuations of the erimp effect which appear to remier
ammmition oalibration wneertain. Similarly, &ifferences
of velooity which result from differences of powder ‘quick-
ness would be constant, as would differences mccountabdble
%0 variations of retating band seating. These constitute
all the factors which eemze tho esl ibration of & awmmi-
tion lot to vary; hence a sinzle calibratich should be
sufficient to specify the veloclly kehavicr of a lot of
apmunition, 1f the engrsving resis tannoe could be held con-
stant. Bven eore desirable, ammumiticn lets csuld e pro-
duced so that &ll 1sts woulé have ths caxes veloocity in oay
one weapon. At presemt, the differences ¢f velocity be-

twoeen lots are larsely affected by the weapon ured smd its

.oonditien of erosion, temperatere, sto.

Thig netwrally leeds o ¢t gwetion of the Jeasi-
bility o€ proedueing tudes in shieh the engzeving resist-

.ance remaine eamptant in the erities) region meexr the

start of travel. TPx ebvious way ts ashisve this is ¢o
maks the snsvaving registanee 2072 eér nearly o during

W2 first fou inches of travel. A propossl of ezsentislly
W@is natire has boon previouzly made by the m%.z@,“”

basod e ecpiricsl 2ate. The enly altermtive mothed of
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rmaintaining constant engrnvine rosistsnce neesr tie (rigin
of rifling in urtillery tubes r:qm"_r\ea the use cof tube
metal whieh 45 nieither subject to erosion Auring firing
nor to thermsl expansion. The formsr method is the rore
reas nabise.

A ‘rifling design which would omise ths engraving <o
take place after a few inches of projectils trawel, as
proposed by the reference oited abowe, is quite mimilsy
to the rifling vhich exists in & worn tube in g6 for a3
enzraving resistance is concermsd. Two immdiate ob jecticae
to such a design are apperent. Pirst, shearing of the $o-
tating bands and, second, low muzsle velocity ossur in worn
tubes, It is these thinzs which eventually render a worm
tube unaserviceable. These objsotions havo besn gowmtersd
in the proposed degigns the first by the we of & pro-
gressive twist rifling and ¢ second by demonstratimg that,
by edding powder, full servige velogity mmy be attaimed with
somewhat less chambeor presswe than resklic with the presenst
rifling. Ons might aleo reaseambdly ezraet to attain cerviee
velocity without any increase in pewder chargs, 1f <thic
were desiradle, by tho wso of a pewdor of ssmllor web.

Two other results of ti:. proposed rifling desisn may
be anticipated from its angslogy to the wemm tudbe. The
dispersion of velocity ~ithin en emswmiticn lct ig kmown
to be smaller in a werm 90m2 tube 28R in a mow tubs,

This probably happendiibecause of the elimimatien c® O
effect on velceity of ocortain varialles, suash ac the yo-
tating band sesting, with the decrease o&f  engraving ro-
sistance:. In ocurrent ocaliibtretion firimgs in the %0m= oim,
the standard Geviation ¢ valeeity »ithin sazmunition lots
iz oply 4 £/8 in wora tudes ao ?@mﬁ with 7 £/ 42 2w
tudes. &nother wndogiradle pesenliiarity of {he progsnt BOW
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tubes, the conditioning e{fect of powder of one chemical
composition on subsequent rounds of another cheinical com-
position, disappears in wom tubes., This conditioning
sffect causes velooity trends of as much as 30 f£/s with
consequent increase of velocity Aispersion. Both of these
effects, whioch are discussed and docunwmted in the report
mentioned above(S), shovld, in a tvbe having the engraving
delayed for a few inctes, btehave in much the same manner
es they do in a worn tude. These are decided advantages

to be expected from delaying the engraving.

The computations undertzken herein provide data from
vhich the proposed rifling design might be modified. Per
example, thes original proposal oalled foy a smooth bore
travel (no engraving resistance} for a distsnce of five in-
ches followed by a region five inches in length in whieh
the lands gradually assuvmed full height, but 4id not spirsl.
The prozressive twist began after an additional straight
travel of five inches. The results show in Fig. 5 in-
dicate that a free run of less than that originelly proposed,
perhaps one and one-half inches ing tead of five inches,
should be adequate to move the region of engraving to a
position at which its effect on the muszle velocl ty is
small. If this change is adsopted, the twist of the rifling
could be modified to reduce the maximum rotational accel-
eration imparted to the shell. This would extend the
usable life of the tube, in so far as failure casused by the

shearing of rotating bands is concerned.

A prelininary investigation of the belavior of suech
a rifling design could bde made by modifying a 90mm tubde
of the pregent type 80 &5 t0 approximate the proposed
design. The existing tades have rifling of uniform twist;
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however, by machining one of those tubes so0 as to mcvre tho
orizin of vAfling forward to provide Um dssired fres x%,'
and then tapering the widt: of tho lands to giw tbe effest
of a pregressive twigt for & shat dmwg o preresed
design would be approzimated. Arrsngss

ngdo to modify a2 tade in this mmunex at Ldoxdesa Froving
Ground, and to venfuot firing teats to Lwestigrte tho

veloeity behavior of warioue typee of eummniticn in ig
nodified tude,

e e o T
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The maenitude of the engraving resistance in a new
90mm, M1, tube appears, from interior ballistic computa-
tions, to correspond tz 7500 pei. This value is consistent
with the limited amount of experimental deats available.
Resistance encountered after a téirly short travel, about
1-1/2" or one rotating baund length, has only a small effeot
on powder combuetinn and, hence, on velocity. \

The resistance produced by the engraving of the forward
half of the rotating btand has much more effect on velocity
- than that produced by the rear half. Por this reason, ds-
sign, production and inspection of rotating bands for
artillery shells should give primary consideration to
ninimiczation of dimensional variations on the forward half

of the band.

The wvariation of the velocity effects of differences
in powder quickness relative toc tube erosion, as indicated
by the veloeity of a referense complete round, are reason-
ably linear. The sams iz trus of variations of projectile
weight. This actuslly was only shown t hold for two widely
differing types of engraving resistance patterms but, since
these sppear to represent opposimg extremes, the oonclusicn
seems valid. On the other hamd, tha effect of ocartridge
case orimp wag shown t0 be remerkably affected dy the on-
graving pattern existing in the tude. Under one assumption
as to the form of the eagraving pa&ttern, tha effect of =
difference of orimp is distinotly cuxvalinear. Engraving
resiatance patterns of the typs sssumed, in the sbove
instance, m result froe changes of tube tampsratwre.

Therefore, the offect of cartridge ocase orimp doss ned

BEST AVAILABLE Copy
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eppear to be line'ar relative to the tube erosion, as in-
dicated by a reference round velocity level. This effect
1s not indicated to be predictable, even in alzebraic sign,
from the reference velocity level exoept in very -orn tubas.

Many benefits may be achieved by elimimation of en-
graving resistance, or by oausing it to occur after the
projectile has travelled a short distance. Among these are
(1) reduction of rate of loss of velocity ocaused by tube
erosion (2) reduction of 4ispersion of velocity within
ammunition lots (3) elimination of differences of veloocity
accountable tn differences of rotating bend seating between
shell lots (4) elimination of tube conditioning effects
on velocity and (5) elimination of the change in relative
velocity level which accompanies tube erosion in firing
rounds containing powler ~f differing quickmess. The
computations made in this report have provided the basis
for modifications to be made to a 90mm, M1 tube in an
attempt to realize the above benefits.

Grateful acknowledgment is made of the zdvice and
sugge=tions of Dr. Y. §. Parker amd Dr. Barold Peeny of -s
the University of Delaware snd of Dr. J. P. Vinti of the
Ballistic Research Iaboratories. Valuable assistance was
siven by Mr. ¥. B. Hon, Ballistic Research Labaratories,
in the computation of the interior ballistic trajectoriss.
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Dasignation

a-1l
A-2
A=3
A-4
A-5
A-6
A-T
r-8
A-3
A-10
i-11
A-12
A-13
A-14
A-15
4£-16
A=1T

Swmmary of Computationn

A - Bngraving Reslstance

graving “ressure
Magaitude Region of Aetion Pesistance Vel@!eity
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Crimp

¥uzgls

p-s.i. (a) £
0 %o 2583
2500 Btart only Ro 2586
" 0 to 1 Ho 26317
® 1l to 2 Wo 2588
@ 0 to 2 Fo - 2639
5000 gtars only Ho 2613
" 0 %0 1 Ko 2577
" 0 to 2 ¥o 2581
7500 8tart only Ko 2631
" 0 %0 1/4 Fo 2690
" 0 to 1/2 Te 2700
@ G tol Fo 2Ti0
" 1/16 to 1-1/16 Ho 2764
" 1/8 %o 1-1/8 Ho 2677
" 1/4 %0 1-1/4 Ho 2848
" 1/2 ® 1-1/2 Fo 2624
® 1w 2 o 2605

(e) Region of sotien is sbiwn in wnits of rotating

Thus 1 2 2
irdicates no eRgraviug progiure wntil after ome band wWigdd
of travel amf sngraeving presevrs £otive in roglon TEERICH

band widtke from start of prejectile travsl.

ens end two bané widthe of travel cmly.
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B - Crimp
Desisation Engraving Pressure Crimp Buzsie
Nagnitude lagion ef Action Resistanns ?@3@”%3’
p.s.i. (e) (b) fs
B-1 0 Yoo 2653
B-2 2500 0 tol Yes 2652
B-2 5000 0 tol Yoo 2689
B-4 7500 0 %o 1 Yes 2722
R-5 ' 1/16 to 1-1/16 Yes 2601
B-6 " 1/8 to 1-1/8 Yes 2873
B-7 " 1/4 to 1-1/4 Tes 2653
B-8 = " 1/2 %o 1-1/2 Yez 2638
B-9 " 1t 2 Yeos 2625

(b) Crimp resistance was simulated by @ Feaswe oF
1500 p.s.i. (tabular) actimg over & regicn o approximtsly
1/8" from the siart of projectile trawvel.

Ve
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rl{‘i/[,q
087
gumpary of GCompasaticne '
(eont'd,)
g - Powdoyr Quiokmo e
Desimaetion Enzraving Precsurd Rolatlve Hussls
Xagnitude Raglon & Astion Quielmess Veloci
pc.oio (&a) fj’g
o=1 Q 1.091 2524
o-2 2500 0 %0 1 1.091 2633
c-3 8000 0 to 1 1,091 2670
O-4 7500 6 so 1 1,091 2700
Cc-5 0 0.939
G-6 2800 0 to 1l 0.239 3
c-17 3000 0% 1 0.939 2330
Cc-8 7800 O to 1 0.939 2715
g-9 7500 /4 3 1-1/% 32,091 2639
c-10 7500 1/4 %o le1/8 0.23% 2648
D - &hell Waight
Designation Eegraving Presoere Balativs BHussle
Magnitude Region of ssticn Shell Velocity
p.8.1, (a) Telos £/
B-1 © 1.20 2348
B2 7830 01 1,20 2@:&%
D= 0 0.8
b4 7889 9 ¢l 0,82
BES/’ Algss .
/1!.1,;!5,
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